Introduction
Due to the continuous evolution in regulations concerning the sulfur content in transportation fuels, actually limited to 10 ppm in European countries [1], a significant improvement of the hydrodesulfurization (HDS) process of petroleum feedstocks is needed. The development of more performant catalytic materials is an effective solution to limit significant evolution of the process conditions. Conventional HDS catalysts are composed of nanometric MoS 2 crystallites promoted by cobalt atoms and in the mesopore range and high surface areas, templated alumina are good candidates as support for catalytic applications.
While mesostructured silica-based materials were extensively studied as HDS catalyst supports [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , the use of non-siliceous mesostructured oxides for HDS reactions is, in contrast, scarce. Cejka et al. [47] and Kaluza et al. [48] prepared wormhole-like mesoporous alumina and due to support characteristics, well-dispersed molybdenum species were observed even at MoO 3 loading as high as 30 wt%.
Catalysts having up to two times higher activity than a commercial one (containing 15 wt% MoO 3 ) were obtained. Hicks et al. [49] also studied the preparation of mesostructured alumina supported CoMo catalysts. Limited catalytic performances were reported due to loss in surface area and pore volume of the support under sulfiding treatment and under HDS reaction conditions. Such lack in stability over mesoporous alumina was also observed by Bejenaru et al. [50] . Despite limited stability, some of the catalysts displayed high catalytic performances (in the HDS of thiophene), especially those obtained over alumina exhibiting large mesopores and fine fibrillar morphology. HDS performances were also dependent on the nature of molybdate species present in oxidic form on the support. Low activity catalysts initially presented monomolybdate species whereas polymolybdate species were identified before sulfidation over high activity samples. Other authors also related the observed better performance of Co(Ni)Mo catalysts supported on mesostructured alumina to higher reducibility of molybdenum over such supports [51] [52] [53] .
The reported results showed the potential of mesostructured alumina as support for HDS catalysts, despite the absence of organized pore network for most of the catalysts. We then propose herein the use of a porosity modification method to design supports with improved textural properties. The approach presents the advantage to be simple and adaptable to conventional alumina: the process is established after boehmite precipitation during peptization, porosity of alumina being modified by addition of a porogen to generate large and adjustable porosity [54, 55] . Peptization step is indeed required prior to material shaping in catalyst support industry. This step consists in reducing the size of the boehmite agglomerates by adsorption of protons on the surface of the particles causing electrostatic repulsion.
Peptization by the mean of various acids leads to metastable sols or homogeneous pastes that are used to prepare shaped supports, obtained after extrusion, drying and calcination [56, 57] .
In this work, we studied the influence of the different synthesis parameters on the textural properties of alumina, which were further used as supports for highly loaded CoMo HDS catalysts.
The solids were characterized and their performance evaluated in thiophene HDS.
The most efficient catalyst of the series was then tested in Straight Run Gasoil (SRGO) HDS and its desulfurization ability was compared to that of a catalyst prepared on a commercial alumina with the same molybdenum atom surface density (dMo).
Experimental methods

Support synthesis
Large porosity alumina supports were prepared using a modified two step synthesis approach [54] . The first step consisted in the precipitation of aluminum nitrate (Al(NO 3 and calcination of the resulting powder under air at 550°C during 4h (temperature increase rate of 1 °C.min -1 ). Alumina supports were named Al-xP123-yHNO 3 , where x was the porogen to alumina molar ratio (P123/Al) and y the peptizing agent to alumina molar ratio (HNO 3 /Al).
Catalyst synthesis
CoMo oxidic precursors were prepared by incipient wetness impregnation of the alumina supports, using an aqueous solution obtained by dissolution of to the desorption branch of the isotherm and total pore volume was estimated from the N 2 uptake value at P/P 0 = 0.98.
Powder X-ray diffraction patterns were recorded on a SIEMENS D5000 diffractometer equipped with a CuKα anticathode (λ = 1.5406 Å), for 2θ between 10°
and 80°, using a 0.1° step with an integration time of 4 s. Phase identification was carried out by comparison with the JCPDS database.
Co and Mo species present on the support were identified by Raman spectroscopy.
Spectra of the oxidic precursors were recorded at room temperature, using a Raman microprobe Infinity instrument from Jobin-Yvon, equipped with a N 2 cooled CCD detector. The exciting laser source was the 532 nm line of a Nd-YAG laser.
For X-ray photoelectron spectroscopy (XPS) analysis, samples were pressed on an indium foil attached to the sample holder and spectra were recorded using a VG ESCALAB 220 XL spectrometer equipped with a monochromatic AlKα (E = 1486.6 eV) X-ray source (without air exposure in the case of sulfided catalysts). The surface atomic ratios were calculated using the CASA software.
High resolution electron microscopy was performed on a TECNAI microscope (200kV) equipped with a LaB 6 crystal.
Catalytic activity
Thiophene was selected for evaluation and comparison of the catalysts properties, since it is the simplest molecule representative of the aromatic sulfur compounds present in the hydrotreatment feeds. Reaction was performed at atmospheric pressure in a flow-type reactor packed with 0.200 g of catalyst. Before reaction, the oxidic precursor was heated at 400°C under atmospheric pressure for 2 h (temperature increase rate of 6°C min -1 ), under a flow of 10 vol.% H 2 S in H 2 (60 mL min -1 ). The reactor was then cooled to the reaction temperature (300°C). Thiophene (previously purified by two successive vacuum distillations) was introduced in the reactor at a constant partial pressure of 6.65 kPa in a flow of hydrogen (total flow rate = 10 mL.min -1 ). Reactants and products (butane, but-1-ene, trans-but-2-ene, cis-but-2-ene)
were analysed using a gas chromatograph equipped with a flame ionization detector and a Plot-alumina column. The conversion was calculated taking into account the relative response factor of each compound.
In order to evaluate the potential of the solids in the HDS of real feedstock and in conditions close to the industrial ones, selected catalysts were tested on a Straight
Run Gas Oil (SRGO) containing 1 wt%S, in a high pressure up-flow microreactor. 10 mL of catalyst pellets (with selected granulometry, between 0.3 and 0.5 mm) were diluted with 15 mL of carborundum (0.25 mm), before being loaded in the isothermal zone of the reactor. The catalysts were sulfided using a mixture of dimethyldisulfide (DMDS) and SRGO (2 wt% DMDS + SRGO) and H 2 . After sulfidation, the feed was switched to the test feed (same SRGO than for sulfidation step), and the operating conditions stabilized (pressure = 35 bar, H 2 /oil = 250 NL/L, LHSV= 2 h -1 ). During each run, the temperature was changed in the sequence 350-360-370°C. Two hydrotreated product samples were collected at each temperature after stabilization for 15 h. H 2 S dissolved in the hydrotreated product oil was removed by stripping with nitrogen gas after sample collection. The total sulfur contents in treated feed samples were measured using an Antek 9000S sulfur analyzer (Ultra-Violet fluorescence).
After one week of testing, the temperature was returned to 350°C to evaluate the stability of the system.
Results and discussion
Survey of synthesis parameters allowing alumina texture control
As presented in the experimental section, alumina supports were prepared using a simple two steps synthesis approach, consisting in precipitation followed by a peptization step with an acidic solution containing P123 porogen. Among the different ways to adjust porosity, the first one is to vary the amount of porogen added. Alumina were thus prepared by maintaining constant the conditions of precipitation and the pH of peptization step and varying the amount of porogen (Table 1) . The diffractograms of the three samples prepared with different P123 contents The N 2 adsorption-desorption isotherms obtained for the precipitated alumina and for the three modified alumina supports are presented in Figure 1 . All modified samples display isotherms of type IV, with parallel adsorption and desorption branches (and H1 type hysteresis). For the precipitated alumina without porogen addition, while isotherm is of type IV, the hysteresis is of H2 type, characteristic of the presence of slit-shaped pores. The pore size distribution of the precipitated alumina is narrow, centered at 3.8 nm (Table 1) . Larger pore sizes between 12 and 14 nm, increasing with the porogen content, are measured for the modified alumina (Table 1) . As can be awaited from the pore size evolution, the pore volume also increases with the P123 content ( Figure 1 , Table 1 ), to reach 2 cm 3 .g -1 .
The porosity generated in the modified alumina occurs through the random rearrangement of elementary crystallites of alumina, with formation of pores not displaying regular shape and size, as can be concluded from the absence of small angle reflection on diffraction patterns over these materials (not shown). Consequently, the porogen role is to modify the aggregation of alumina particles, resulting in more airy aggregates with a decreased degree of connection between the elementary particles. The second possible way to adjust material textural properties is the control of peptization conditions. Indeed, the role of the peptization step is to separate large agglomerates to obtain a stable suspension. Acidic conditions are applied to ensure the dissolution of a small fraction of the aluminum, their modification impacting dissolution rate and thus indirectly modifying the effect of the porogen on the rearrangement of the particles during drying step. Modified alumina supports were prepared at HNO 3 /Al molar ratio varying from 0. experiments at lower ratio (below 0.8) indicated that the modification of porosity remained very limited with the precipitate synthesized in this study and that the 0.8 to 3.1 ratio is the range for which the largest modifications of porosities were achieved.
For all the supports, after thermal treatment at 550°C, XRD patterns are characteristic of the crystalline γ-alumina phase (not shown). (Table 2 ).
Despite the significant changes in pore size and pore volume with the acidity of the peptization media, the surface area remains around 400 ± 20 m 2 .g -1 whatever the HNO 3 concentration used (Table 2 ). This suggests that the crystallite size of alumina is not significantly affected during the peptization step and that elementary particles will develop in all cases relatively constant surfaces after the modification step. Meanwhile, evolution in pore volume and pore size clearly shows changes in porogen efficiency with the acidity of the peptization medium. By playing on these two parameters of synthesis, it is then possible to stabilize large pore size and high pore volume in alumina materials, while maintaining specific surface areas around 400 m 2 .g -1 .
Characterization of the CoMo-supported oxidic precursors.
Three modified alumina were selected for catalysts preparation, together with a commercial alumina. for HDS catalyst preparation, was denoted Al-P (for PURAL SB3) and calcined at 500°C prior to impregnation. The catalysts were named CoMoxAl-y where x is the molybdenum loading expressed in MoO 3 wt% and y refers to the alumina support (A, B, C and P).
Textural properties of the catalysts
Upon impregnation, different behaviors were evidenced depending on the support:
• For the catalyst prepared using Al-A alumina, the isotherm shape remained of type IV, with minor modification in pore size distribution (Figure 3a , Table 3 ). The observed decrease in pore volume (∆V P ~ 20% ) can be related to some pore blocking by the Co-Mo phases. However, differences in pore size and surface area with the support, when normalized by the weight gain issued from active phase deposition, remained moderate (< 20%). Such values are characteristic of a support not significantly impacted by the active phase impregnation, such as in the case of the commercial Pural support (Table 3 ).
• For catalysts prepared over the supports presenting higher pore size and pore volume (Al-B and Al-C), significant changes were observed upon impregnation. The isotherms remained of type IV (shown for CoMo25.4/Al-B, Figure 3b) , with a significant decrease in N 2 volume adsorbed. Hysteresis loops were observed to shift towards lower P/P 0 values. While the surface areas per gram of support remained almost constant upon catalyst preparation (∆S BET < 20%), a significant decrease in pore size value was measured for both solids (∆D P ~ 60% - Table 3 ). This limited surface area decrease, combined to the significant decrease in pore size and volume, indicates a modification of the crystallites organization in the aggregates. Several authors already reported important evolution of alumina support during impregnation process. In the case of mesoporous alumina, Hicks et al. [49] observed decreases between 24 and 59% of the surface area and between 6 and 45% of the pore volume of the carrier after impregnation and calcination steps, depending on b a molybdenum content. However, the materials initially presented lower pore size and pore volume than the materials studied here. Authors attributed the decreases in surface area and pore volume to a thickening of the walls of the support porous structure and to pore filling. Limited hydrolytic stability of mesoporous alumina was also reported by Zhang et al. [59, 60] . The porous network quickly lost its ordering when in contact with water, even at room temperature [19, 61] . Alternative preparation methods to wet impregnation are reported in the literature to circumvent this issue: thermal spreading
[62], impregnation by a solution of molybdenum dioxide diacetylacetonate in methanol [63] , methanol assisted spreading of MoO 3 [64] .
In our work, pore collapse, due to a rearrangement of the elementary particles during aqueous impregnation step, was observed over alumina with the largest pore diameters. However, even in this case, the improved textural properties of the supports allowed increasing the loading in active phase up to 25 wt%, while the same dMo corresponds to a value of 14 wt% on the Pural commercial support. Moreover, despite the textural modifications, the catalysts always retained adequate properties for their use in heterogeneous catalysis process.
Raman analysis of oxidic supported CoMo phase
Raman spectra of the CoMo oxidic precursors are presented in Figure 4 . For all solids, a broad line at 952 cm -1 corresponding to well dispersed polymolybdate species on the support surface was identified [65, 66] . Spectra recorded for CoMo25. 
Catalysts surface analysis.
XPS spectra of Al2p, O1s, Mo3d, Co2p and C1s levels were recorded for the CoMo oxidic precursors. Figure SI2 shows typical Mo3d and Co2p levels spectra, presented This surface carbon content is mainly attributed to contamination, but on these alumina, a fraction of residual carbon can originate from residues issued from the thermal decomposition of the triblock copolymer used as porogen.
Values of atomic surface ratios are gathered in Table 4 , together with the theoretical bulk ratios. All modified alumina derived catalysts present n Mo /n Al ratios determined by XPS that are similar (0.15±0.01). This value is slightly higher than the theoretical bulk ratio, indicating a satisfying dispersion of the molybdenum species on the alumina surface, as expected from the Raman results. Similar values of theoretical and experimental data are obtained on the Pural based catalyst for the n Mo /n Al and also for n Co /n Al ratios, while experimental n Co /n Al is lower than the bulk ratio in the case of the materials prepared over the Al-B and Al-C supports. For CoMo25.0/Al-A, the experimental n Co /n Al is only slightly higher than the theoretical bulk ratio. These results The presence of Co 3 O 4 has been evidenced on the two most active materials (and especially on the most efficient one CoMo24.8/Al-C). The loss of a fraction of the initial cobalt in a poorly dispersed bulk oxide phase (that will not incorporate the performance.
Catalytic properties in thiophene HDS
On CoMo catalysts prepared on commercial stable alumina, it is well known that the Co/Mo ratio in the oxidic form of the solids must be comprised between 0.4 and 0.5 to ensure enough Co atoms to promote molybdenum disulfide slabs [69] . Indeed upon preparation a loss of cobalt is always evidenced at the different steps of the catalyst preparation especially during the drying and calcination steps [78] . During these thermal treatments a more or less important fraction of cobalt migrates inside the alumina lattice to form a pseudo CoAl 2 O 4 type species and thus cannot participate to the formation of the CoMoS phase [77] . This is probably the case on Al-A support, which textural properties do not evolve upon impregnation.
On Al-B and Al-C supports, the low stability during impregnation, and more precisely the pore collapse, induces a rearrangement of the porosity during the impregnation-drying sequence which leads to precipitation of cobalt species giving or less promoted and dispersed active phases [81] . Moreover heat generated during the sulfidation reaction can be partially absorbed by these residues, resulting in different crystallite growth than over carbon free support [82] , with positive effects on activity for HDS reactions. High HDS activities can be obtained over carbon supported
Co(Ni)Mo-S active phase [84] [85] [86] , with possible formation, during sulfidation, of active carbide phases [87] . Consequently, impact of carbon on final properties of prepared materials cannot be excluded.
These results in thiophene HDS thus show the possibility to produce efficient highly loaded catalysts, where good dispersion of molybdenum is preserved. In order to confirm the potential of the developed solids in conditions close to the industrial ones, the most efficient catalyst CoMo24.8/Al-C was selected for evaluation in the HDS of SRGO, its performance being compared to that of the commercial Pural based material.
Characterization and evaluation in SRGO HDS
Characterization of the active phase after sulfidation in liquid phase was also undertaken to better understand the catalytic behavior. 
Catalytic properties in SRGO HDS
Catalytic performance of CoMo24.8/Al-C and CoMo14.1/Al-P were evaluated in the HDS of SRGO 10000 ppmS. For both solids, the residual sulfur content in the hydrotreated product was plotted as a function of the reactor temperature, as shown in 
Conclusions
Alumina porosity can be easily tuned using a post-modification approach involving the use of triblock copolymer structuring agent. Addition of porogen was performed during the peptization step, which is industrially performed prior to the alumina shaping. No extra step would thus be required in the industrial alumina preparation process. The amount of porogen and the acidic conditions of the peptization step were varied in this study as they are key parameters allowing to tune the final textural properties of the support. While maintaining high surface areas (close to 400 m 2 .g -1 ), large porosity were thus obtained: pore volume can exceed 2 cm 3 .g -1 , with pore diameters that can reach 20 nm. The role of the selected porogen, in our case the triblock copolymer P123, consists in the modification of the alumina particles agglomeration and the acidic conditions selected for the modification steps does not induce significant modification of the elementary particle size, as deduced from the preservation of almost constant surface area for all modified alumina.
The high surface areas and high pore volumes displayed by the modified alumina allowed to prepare highly loaded CoMo catalysts. Upon impregnation, slight decrease in specific surface was observed on all solids while some collapse of the porous structure was noted on solids with large pore size superior to 15 nm. Final textural properties remained however attractive, with specific surface areas and pore volumes higher than the values encountered for classical alumina support. On all solids, satisfying dispersion of molybdenum species is obtained with no formation of undesirable bulk species as usually observed at high loading. On the solids presenting pore collapse, the unusual presence of Co 3 O 4 was observed, which was explained by the precipitation of cobalt species due to limited interaction of the cobalt cations with support surface combined to decrease in pore volume. It is however suggested that in this case, the formation of CoAl 2 O 4 type species is not favoured, the amount of cobalt available for promotion remaining thus sufficient.
Catalysts displayed activities in the HDS of thiophene varying by a factor of 1.5 and the performance of the most efficient solid of the series was evaluated in the HDS of SRGO under industrial conditions. It was found significantly more active than a CoMo catalyst prepared on a commercial alumina with similar dMo (temperature gain of 17°C at 100 ppm residual sulfur content), with a preserved activity after one week of testing. The two solids presented similar morphologies of the active phase as well as similar substitution degree as determined from XPS and TEM characterization of the sulfided phase. The higher performance of the mesoporous alumina supported catalyst can then be attributed to its high Mo and Co loading. This work thus highlights the interest of developing alumina supports with improved textural properties in order to produce well-dispersed highly loaded catalysts with enhanced HDS ability. 
